Lung adenocarcinoma, the most common type of human non-small cell lung cancer (NSCLC), frequently overexpresses epidermal growth factor receptor (EGFR). However, the mechanisms underlying EGFR overexpression are not completely understood. Recent studies have identified that decreased expression of TIP30 (30kDa HIV-1 Tat interacting protein) is associated with the metastasis of human NSCLCs, but a causative relationship between TIP30 deficiency and NSCLC development remains unclear. We show here that Tip30 deletion leads to spontaneous development of lung adenomas and adenocarcinomas in mice. Lung tumor development was preceded by aberrant expansion of bronchioalveolar stem/progenitor and alveolar type II (AT2) cells, and also increased expression of EGFR and its downstream signaling factors in the lung of Tip30 À / À mice. Moreover, TIP30 knockdown in human lung adenocarcinoma cells resulted in prolonged EGFR activity in early endosomes, delayed EGFR degradation, increased EGFR nuclear localization, leading to upregulated pAKT and pERK1/2 expression. Importantly, in human lung adenocarcinomas, low TIP30 expression correlates with prolonged patient overall and post-progression survival times. Together, these results suggest that TIP30 functions as a tumor suppressor to inhibit EGFR cytoplasmic and nuclear signaling and suppress adenocarcinogenesis in the lung, and highlight the potential of therapeutic strategies aiming at inhibiting EGFR signaling for patients with low TIP30-expression lung adenocarcinoma.
INTRODUCTION
Proto-oncogenes and tumor suppressor genes, such as epidermal growth factor receptor (EGFR), k-Ras, c-Myc, p53 and docking protein (DOK), have been implicated in the pathogenesis of non-small-cell lung cancer (NSCLC). [1] [2] [3] [4] [5] [6] [7] [8] In particular, EGFR overexpression was seen in 50% of lung adenocarcinomas, a subtype of NSCLCs, 9, 10 but only 10% of them were found to contain mutations in the EGFR exon-encoding kinase domain, indicating that other genetic and epigenetic alterations may also activate EGFR signaling, thereby contributing to the pathogenesis of lung adenocarcinomas. Thus, a better understanding of the alterations involved in the initiation and progression of lung cancer can help us not only to predict the prognosis but also to select the therapeutic intervention with optimal impact on survival and quality of life, and contribute to the development of new effective therapeutic strategies against lung cancer.
Lung adenocarcinomas that develop in mice are similar in their histopathological and molecular features to human lung adenocarcinomas. Therefore, studies on mouse models of lung adenocarcinomas may contribute to our understanding of human lung adenocarcinoma pathogenesis by unraveling the critical oncogenic pathways responsible for the initiation and progression of tumors. Towards this end, many genetically-engineered mouse models including mice with expression of EGFR mutants 6, 7 and mice with expression of K-Ras mutants or conditional bitransgenic inducible p53/K-Ras genes have been generated and exhibit spontaneous development of lung adenocarcinomas. 1, 3 However, EGFR expression, which is frequently increased in human lung adenocarcinomas, 11 is decreased in several mouse models of lung adenocarcinoma including p53/K-Ras models. To date, a tumor suppressor gene-knockout mouse model of lung adenocarcinoma with EGFR overexpression has not been reported.
TIP30 (30kDa HIV-1 Tat interacting protein), also called CC3 or HTATIP2, is a transcriptional cofactor that was initially identified as a putative metastasis suppressor of small-cell lung cancer. 12, 13 Subsequent studies have revealed that aberrant expression of TIP30 is implicated in a variety of human cancers. [14] [15] [16] [17] Recently, decreased expression of TIP30 was observed in approximately 37% of human NSCLCs, and was correlated with metastasis. 17 Moreover, TIP30 knockdown was demonstrated to enhance the survival and metastasis potential of human lung cancer cells in vitro, and promote lung metastasis in xenograft mouse models. 17 We previously reported that genetically-engineered Tip30 knockout mice are prone to development of liver tumors and other tissue types of tumors in C57/B6/129SVJ mixed background and mammary hyperplasia in C57/B6 genetic background. 14, 18 Thus, a causative relationship between TIP30 deficiency and NSCLC development still remains unknown despite a strong implication of TIP30 loss in human lung carcinogenesis. Because the Balb/c mouse strain is prone to development of lung and mammary tumors, we examined development of tumors in a cohort of wild-type and Tip30 knockout mice in a Balb/c genetic background. Moreover, we investigated the effects of low TIP30 expression on cultured human adenocarcinoma cells and the prognosis of patients with lung adenocarcinomas. This approach demonstrated that TIP30 deletion resulted in spontaneous development of lung adenomas and adenocarcinomas in mice, with tumors closely recapitulating the histological and molecular features of human lung adenocarcinomas with EGFR overexpression. Our results revealed TIP30 as a crucial regulator in suppressing cytoplasmic and nuclear EGFR signaling in the lung, and underlined low TIP30 expression as a potential biological marker to predict overall and post-progression survival times for patients with lung adenocarcinomas at stages I and II.
RESULTS

Tip30
À / À mice spontaneously develop lung tumors
In an effort to better understand the roles of Tip30 in tumorigenesis, we generated Tip30 þ / À and Tip30 À / À mice in Balb/c background by backcrossing the Tip30 knockout gene into Balb/c mice for seven generations.
14 Balb/c mice bearing Tip30 heterozygous and homozygous deletion were viable and fertile. We monitored tumor development in a cohort of Tip30 (Figures 1a and b) . Histopathological analysis revealed that Tip30 À / À mice exhibited several types of progressive lesions in the lung, such as atypical adenomatous hyperplasias, adenomas and adenocarcinomas (Figures 1c-e) . Adenomas and adenocarcinomas developed in approximately 20 and 24% of Tip30 À / À mice, respectively. The hyperplasias were frequently observed in the alveoli and alveolar space adjacent to the respiratory bronchioles, but not in the bronchioles as described in a K-Ras mouse model of lung adenocarcinoma. 4 The hyperplastic lesions consisted mainly of cuboidal pneumocytes that thickened alveolar walls in preserved alveolar spaces. Most of the lung tumors were founded in peripheral portions of the lung. Adenocarcinomas were primarily a mixed subtype with both solid and papillary growth patterns, infiltrative border, cytological pleomorphism and nuclear atypia, which resembled human lung adenocarcinoma ( Figure 1e ). These results suggest that Tip30 has an important role in the suppression of lung tumorigenesis.
Tip30 deletion promotes expansion of alveolar type II (AT2) cells and bronchioalveolar stem/progenitor cells (BASCs) To investigate the histogenesis of the lung tumors, we first stained lung tumor tissues from Tip30 À / À mice with antibodies against surfactant apoprotein C (SP-C, marker for AT2 cell) and Clara cell 10 kDa protein (CC10, marker for Clara cell) to determine the cell type comprising pulmonary hyperplasias and tumors. Similar to the observations in EGFR mutant transgenic mouse models of lung adenocarcinoma, we found that the tumors and hyperplasias were mainly composed of SP-C-positive and CC10-negative cells (Figure 2a) . When the growth of SP-C-positive cells was compared in the lungs of Tip30 þ / þ and Tip30 À / À mice prior to development of tumors, we found that the numbers of SP-C-positive cells in the alveoli were significantly increased in Tip30 À / À lungs (Figures 2b and c). To assess the effect of Tip30 deletion on BASCs, 19 we conducted dual immunofluorescent staining for SP-C and CC10
to detect these cells at the bronchoalveolar duct junction in Tip30 þ / þ and Tip30 À / À lung tissues from age-matched mice. A significant increase in the number of dual SP-C and CC10-positive cells was observed in Tip30 À / À compared with Tip30 þ / þ lungs (Figures 2d and e) . Moreover, the proliferative cell nuclear antigen (PCNA) was more frequently detected in SP-C-positive AT2 cells in Tip30 À / À lung alveoli and tumors than in Tip30 þ / þ lung alveoli, whereas the numbers of apoptotic cells was slightly, but not significantly, increased in Tip30 TIP30 suppresses lung adenocarcinogenesis A Li et al Downregulation ofTip30 enhances EGFR signaling in mouse lung alveoli and human lung adenocarcinoma cells We previously reported that downregulation of TIP30 upregulates EGFR signaling in hepatocytes and mammary epithelial cells. 20, 21 To determine whether Tip30 deletion also upregulates EGFR downstream signaling targets in pulmonary cells, we examined the levels of EGFR, p-Akt, p-Erk1/2 and cyclin D1 in Tip30 þ / þ and Tip30 À / À lung tissues and tumors. EGFR expression was increased in Tip30 À / À lung tissues and tumors compared with Tip30
lung tissues ( Figure 3a and Supplementary Figure S4 ). As expected, the numbers of p-Erk1/2, p-Akt or Cyclin D1-positive cells were significantly increased in Tip30 À / À lung tissues and lung tumors as compared with Tip30 þ / þ lung tissues (Figures 3b-e) . Western blot analysis of lung tissue protein extracts confirmed that the protein levels of EGFR, p-Akt and p-Erk1/2 were notably elevated in Tip30 À / À lung tissues (Supplementary Figure S5) . Together, these results suggest that Tip30 deletion enhances EGFR signaling in mouse pulmonary and tumor cells.
To extend the role of TIP30 in the mouse lung to human lung adenocarcinoma cells, we knocked down TIP30 expression in human lung adenocarcinoma A549 cells using two small hairpin RNAs (shRNAs) that specifically target TIP30 (Figure 4a ) and performed endocytic degradation assays to examine EGF-induced EGFR endocytic degradation and signaling. TIP30 knockdown resulted in delayed EGFR endocytic degradation, and prolonged phosphorylation of AKT (Ser473) and ERK1/2 (Thr202/Tyr204) in A549 cells (Figures 4b-g and Supplementary Figure S6) . It appeared that p-AKT was dephosphorylated faster than EGFR and ERK1/2. Although we do not know the precise mechanism underlying this phenomenon, it may be due to the autonomic balance of kinase and phosphatase activities for AKT in cells. Moreover, expression of Cyclin D1, which is transcriptionally activated by the nuclear EGFR, was also increased in TIP30 knockdown cells (Supplementary Figure S6b) . Consistent with the finding of increased Cyclin D1 expression, confocal microscopy and western blot analyses revealed that EGFR nuclear localization was significantly increased in TIP30 knockdown cells after epidermal growth factor (EGF) induction (Figures 5a-c and Supplementary Figure S7) . We then aimed to analyze the mechanism that leads to enhanced EGFR cytoplasmic and nuclear signaling in Figure S11) . Together, these observations indicate that decreased TIP30 expression blocks endocytic degradation of EGFR, leading to enhanced EGFR cytoplasmic and nuclear signaling pathways, which may offer a biochemical explanation for the increased ERK1/2 and AKT activation and Cyclin D1 expression observed in Tip30 À / À lungs and tumors.
Reduced TIP30expression correlates with better overall survival (OS) and post-progression survival (PPS) of patients with stage I or II lung adenocarcinomas To test the clinical relevance of these findings to human lung adenocarcinomas, we first attempted to determine whether TIP30 expression levels in lung adenocarcinomas could predict the prognosis of patients with this type of cancer using a previously published data set of human lung adenocarcinoma tissue microarrays. 22 This data set contains gene expression profiles from 292 patients with lung adenocarcinomas at stage I or II and at least 60 months of follow-up of survival. Patients were divided into two groups: patients with high TIP30 mRNA levels (above or equal the median levels) and patients with low TIP30 mRNA levels (below the median levels). Kaplan-Meier analysis revealed that patients with low TIP30 expression showed significantly better outcome in OS than those with high TIP30 expression (Figure 6a , log-rank test, P ¼ 0.0270); This correlation was even more obvious when the OS times for the highest and lowest quartiles were analyzed (Supplementary Figure S8a , P ¼ 0.0209). Importantly, although no statistically significant difference in progression-free survival was identified (Supplementary Figure S8b) , there was a significant difference of PPS between patients with high and low TIP30 expression levels (Figure 6b , log-rank test, P ¼ 0.0093). Patients with low TIP30 expression had a median time of 16.3 months from recurrence to death, whereas patients with high TIP30 expression had only a median time of 7.0 months from recurrence to death. These results suggest that decreased TIP30 expression is associated with better OS and PPS in lung adenocarcinoma patients at stage I and II. 
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Because the associations of decreased TIP30 expression with better OS and PPS for these patients could be due to their better responses to the adjuvant therapies after surgery, we evaluated the inhibitory effects of EGFR and ERK inhibitors, gefitinib and U0126 on growth of shRNA control and TIP30-knockdown A549 and H322 cells. We observed that TIP30 knockdown significantly increased the growth-inhibitory effects of EGFR and ERK inhibitors, gefitinib and U0126 on A549 cells as well as gefitinib on H322 cells (Figures 6c and d, Supplementary Figures S9 and 10 ). This result implies that EGFR signaling is essential for the proliferation of lung tumor cells with decreased TIP30 expression, so that EGFR targeting therapy might be effective for treating TIP30-deficient lung adenocarcinoma.
DISCUSSION
Inactivation of tumor suppressor gene(s) in cells can trigger the onset of tumorigenesis. Despite emerging evidence that has linked decreased expression of TIP30 to the progression and metastasis of human NSCLC, 17 whether TIP30 loss causes the initiation of NSCLC had not been determined before. In this study, we demonstrate for the first time that Balb/c mice lacking Tip30 are prone to spontaneous development of lung adenomas and adenocarcinomas. Our current data, coupled with previous findings on the role of TIP30 in the pathogenesis of lung cancers, strongly suggest that TIP30 functions as a tumor suppressor in the lung. To our knowledge, this is the first mouse model of lung adenocarcinoma with enhanced EGFR signaling that was created by conventionally knocking out a tumor suppressor gene. Pulmonary adenocarcinomas arising in the Tip30 À / À mouse model appeared reminiscent of the human mixed papillar and solid subtype of adenocarcinoma. Thus, this model is suitable for studies on the mechanism of development of lung adenocarcinomas with enhanced EGFR signaling.
Our study provides new insight into the molecular mechanism by which TIP30 deletion promotes pulmonary tumorigenesis. Previous studies have established that ectopically increased or decreased expression of TIP30 in immortalized fibroblasts and various human cancer cells significantly influences multiple cellular processes including cell proliferation, apoptosis, DNA damage repair, metabolic adaptation and metastasis. 15, 17, 23, 24 TIP30-mediated regulation can be explained by two actions: TIP30 may mediate these processes in the nucleus through direct effects on transcription of genes, 25, 26 and indirectly influence gene expression in the cytoplasm by altering signal transduction pathways or inhibiting importin b-mediated nuclear import. 27 ,28 
26,28
Recently, we reported that TIP30 forms a protein complex to regulate EGFR signaling by controlling EGFR endocytic degradation in hepatocytes, 21 and that Tip30 loss accelerates mammary tumor development by enhancing EGFR signaling in a MMTV-Neu mouse model. 20 Moreover, TIP30 inhibition could impair the localizations of Rab5a and V-ATPases in endosomes, leading to the trapping of EGF-EGFR complexes in endocytic vesicles and enhanced EGFR signaling. 20 In agreement with these findings, the current study demonstrates that TIP30 knockdown in lung adenocarcinoma cells also leads to sustained EGFR in early endosomes, delayed EGFR endocytic degradation and enhanced EGFR signaling. Importantly, our results indicate that TIP30 is a critical factor in the regulation of EGFR nuclear localization. We speculate that inhibition of TIP30 may block EGFR trafficking to the lysosome and increase EGFR nuclear import, 27 thereby increasing EGFR nuclear localization and expression of its two direct targets, CyclinD1 and PCNA. As nuclear EGFR has been documented to have an important role in the pathogenesis of human cancers, 29, 30 these data suggest that Tip30 deletioninduced lung tumorigenesis is driven, at least in part, by increasing both EGFR cytoplasmic and nuclear signaling pathways.
Understanding the cellular origin of lung adenocarcinoma is critical to the development of new therapeutic strategies for human lung cancers. Although whether BASCs are lung stem cells remains debated, a growing body of evidences has suggested BASCs as the origin of lung adenocarcinoma. In support of this view, BASCs were progressively expanded in several mouse models of lung adenocarcinomas. 4, 19, [31] [32] [33] Similarly, Tip30 À / À mice in the discussion. Our findings may have important implications for the evaluation of prognosis and selection of therapeutic strategies for human lung adenocarcinomas, as patients with low-TIP30-expression lung adenocarcinomas exhibited better outcomes in OS and PPS (Figures 6a and b) . Clearly, these findings need to be validated in larger prospective studies in order to identify the underlying mechanisms of the outcomes. Although we do not know why low TIP30 expression correlates with better outcomes in OS and PPS, we speculate that these should be due to their better responses to anticancer therapies. To date, it is well known that NSCLC patients with mutant EGFR confer greater sensitivity to EGFR inhibitors than those with wild-type EGFR. [34] [35] [36] However, approximately 1-20% of patients without detectable EGFR mutations in clinical trials showed a radiographic response to EGFR inhibitors. [37] [38] [39] Moreover, patients with either high EGFR gene copy number or TIP30 suppresses lung adenocarcinogenesis A Li et al high protein levels showed higher response to EGFR inhibitors than patients with negative or low EGFR expression. 9, 40 These observations suggest that a subset of lung adenocarcinomas with enhanced EGFR signaling caused by other genetic alternations may also respond to EGFR inhibitors. It is plausible that this subgroup of patients would derive the most benefit from treatments targeting EGFR signaling in the neoadjuvant, adjuvant and metastatic settings. Nevertheless, we do not exclude the possibility that patients with low-TIP30-expression lung adenocarcinomas might also respond better to adjuvant chemotherapies or radiotherapies (Supplementary Figures S8c and d) . Thus, the finding of the better OS and PPS for the patients with low-TIP30-expression lung adenocarcinomas is not in disagreement with TIP30 as a lung tumor suppressor, but rather is consistent with the mechanism whereby TIP30 suppresses lung tumorigenesis partly through the negative regulation of EGFR signaling. Regardless of the mechanisms, the results reported here imply that decreased TIP30 expression may define a distinct molecular subset of lung adenocarcinomas that are sensitive to EGFR inhibitors, thereby helping guide the administration of specific types of EGFRtargeted therapy. Therefore, our findings warrant further investigation into the exploitation of TIP30 expression as an additional marker for predicting the response to EGFR inhibitors in the treatment of lung adenocarcinomas.
MATERIALS AND METHODS Animals
Tip30
À / À mice in Balb/c background were generated by backcrossing the Tip30 knockout gene into Balb/c mice for seven generations as described previously.
14 Mice were housed in the Animal Facility at Michigan State University. All animal experiments were carried out in accordance with a protocol approved by Michigan State University IACUC Committee.
Histopathology
The lungs of mice were inflated with PBS. Fresh lung tissues used for western blot assay were frozen with liquid nitrogen after lavage with PBS and stored at À 80 1C. Lung and other tissues for hematoxylin and eosin staining were fixed with 4% paraformaldehyde solution, and then paraffinembedded. The histopathology of lung sections was reviewed according to the classification and criteria recommended by the mouse models of human cancers consortium by AL and HX and confirmed by Dr Ying Qin, the pathologist who read the slides blind to experimental detail. 41 Cell culture and shRNAs Human lung cancer cell lines A549, NCI-H322 and human immortalized lung cell line BEAS-2B were obtained from American Type Culture Collection (ATCC, Rockville, MD, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Eugene, OR, USA) supplemented with10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 1 in a 5% CO 2 incubator. Lentiviral plasmids producing shRNAs against TIP30 were purchased from Sigma-Aldrich (St Louis, MO, USA) as described previously. 20, 21 Antibodies and chemicals Rabbit anti-SP-C, anti-CC10 and anti-cyclin D1 were from Millipore (Temecula, CA, USA). Mouse anti-CC10 and anti-PCNA were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). U0126, rabbit anti-EGFR, antipAkt(473), anti-Akt, anti-pErk1/2, anti-Erk1/2 and mouse anti-EEA1 were from Cell Signaling Technology (Danvers, MA, USA). Antigen-purified rabbit anti-TIP30 was produced by our laboratory. 13 Mouse anti-b-Actin (AC-15) was from Sigma-Aldrich, DAPI, Biotin-conjugated goat anti-rabbit, antimouse secondary antibodies and ABC kits for immunohistochemistry were from Vector Laboratories (Burlingame, CA, USA). Mouse anti-b-Gal was from Promega (Madison, WI, USA). Fluorescence-labeled secondary antibodies, donkey anti-mouse Alexa-594, chicken anti-rabbit Alexa-594, goat anti-rabbit Alexa-488 and donkey anti-goat Alexa-488 were from Invitrogen. Donkey anti-rabbit IRDye800CW and donkey anti-mouse IRDye680 were from LI-COR Biosicences (Lincoln, NE, USA). Gefitinib was from AstraZeneca (Wilmington, DE, USA).
Immunohistochemistry and immunofluorescence
Immunohistochemistry was performed according to the protocol supplied by Cell Signaling Technology. Anti-SP-C, CC10, pAkt, p-ERK1/2 and cyclin D1 antibodies were used as described previously. 20, 21 Immunofluorescent analysis of EGFR, SP-C, CC10, PCNA and b-Gal was performed according to the protocol supplied by Cell Signaling Technology (Danvers, MA, USA). Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI). 0.3% Sudan black B was used to reduce the autofluorescence of the tissue.
EGFR internalization and nuclear localization assay EGFR internalization assay was carried out as described previously. 21 Briefly, after pretreatment with 100 ng/ml EGF and 20 mg/ml cycloheximide on ice for 1 h, A549 cells were incubated at 37 1C in DMEM containing 20 mg/ml cycloheximide for various times. EGFR nuclear localization assay was carried out as described.
42 A549 cells were treated with 5 ng/ml EGF, 10 nM leptomycin B and 20 mg/ml cycloheximide in DMEM at 37 1C for 2 h.
Western blot
Lung issues prepared from 10-month-old mice and human lung adenocarcinoma A549 cells (ATCC) were lysed in RIPA buffer containing 1 mM DTT and protease inhibitors for the total protein extracts. Cytoplasmic and nuclear proteins were extracted following the manufacturer's protocol (Nuclear Extraction Kit, Chemicon, Temecula, CA, USA). For the detection of EGFR, p-ERK1/2, ERK1/2, p-Akt, Akt, b-actin in lung tissue and A549 cell lysates, aliquots containing 70 mg of protein for each sample were separated by electrophoresis on NuPAGE 4-12% Bis-Tris Gels (Invitrogen) and then subjected to western blot analysis. The protein levels were quantified using Odyssey 2.1 software (LI-COR Biosciences, Lincoln, NE, USA).
TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assay
Apoptotic cells in mouse lungs were visualized using a TUNEL assay kit (Roche, Basel, Switzerland) according to the manufacturer's instruction. Numbers of TUNEL-positive cells in the lung were counted from five randomly selected high-power fields per sample.
Cell growth assay shRNA-control, TIP30-SH1 or TIP30-SH2 A549 cells were seeded and cultured in 96-well plates (3000 cells per well). Cell viability was measured every day in triplicate for 5 days using cell count kit-8 (CCK-8, Dojindo Molecular Technologies, Rockville, MD, USA). Cells were incubated with 10 ml CCK-8 for 1 h at 37 1C, and absorbance was measured at 584 nm using a FLUOstar OPTIMA spectrophotometer (BMG LABTECH, Chicago, IL, USA).
Survival analysis
Microarray data sets were downloaded from the NCI's caArray database involving 442 patients with human lung adenocarcinomas and clinical annotation. 22 OS of patients with lung adenocarcinomas at stage I or II was defined as the time interval from surgery to death or to the date of 5-year follow-up contact. PPS was defined as the time interval from the first progression to death of patients with lung adenocarcinomas at stage I or II. The patients without documented progression date were excluded.
Statistics
The differences between groups with parametric distributions were analyzed using Student's two-tailed t-test. Survival curves were compared using a log-rank (Mantel-Cox) test. Tumor incidences were compared using chi-square test. Data represent mean±s.e.m. P values of 0.05 or less were considered statistically significant. ABBREVIATIONS TIP30, 30kDa HIV-1 Tat interacting protein; EGFR, epidermal growth factor receptor.
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